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Docket No. H0001680 

ACTIVE FILTER FOR POWER DISTRIBUTION SYSTEM WITH 
SELECTABLE HARMONIC ELIMINATION 

BACKGROUND OF THE INVENTION 
5 The present invention relates to electrical power distribution 

systems. More specifically, the present invention relates to a method and 
apparatus for injecting harmonic currents into constant frequency and 
variable frequency distribution systems. 

Many aircraft include power distribution systems for supplying ac 
10 power to loads such as ac-to-dc converters, ac-to-ac converters, on-board 
electronics, and electromechanical/electrohydrostatic actuators. Many of 
these loads contain non-linear devices such as bridge rectifiers and 
inverters. 

The non-linear devices can create harmonic currents on the 
15 system's power distribution line. The harmonic currents can disrupt other 
loads connected to system's main power supply (e.g., electrical 
generators, inverters) and cause malfunction, and even failure, of the 
other loads. 

It would be desirable to remove the harmonic currents without 
20 cutting into the power distribution line and measuring main distribution 
current. In aircraft power distribution systems, the main distribution 
current can be quite large. For example, a 115/208 volt, three-phase 
150KVA generator has a rated current of approximately 450 amperes. 

25 SUMMARY OF THE INVENTION 

According to one aspect of the present invention, a power 
distribution system includes an ac power source; a power bus connected 
to the ac power source; a capacitor bank shunt-connected to the power 
bus; and an active filter shunt-connected to the power bus. The active 

30 filter includes current sensors, an inverter and an inverter control. Each 
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current sensor senses current flowing through a corresponding capacitor 
of the capacitor bank. The inverter control, in response to the current 
sensors, controls the inverter to inject harmonic currents into the power 
bus, thus supplying the harmonic current demands of the non linear loads. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is an illustration of a power distribution system according 

to the present invention. 

Figure 2 is an illustration of an active filter for the power distribution 

system of Figure 1 . 

Figure 3 is an illustration of a control methodology for the active 

filter. 

Figure 4 is an illustration of an overcurrent regulator for the active 

filter. 

Figure 5 is an illustration of an overcurrent regulator that operates 
sequentially on control loops of the active filter. 

Figures 6 and 7 are illustrations of two different voltage controls for 
a dc link capacitor of the active filter. 

Figure 8 is an illustration of a harmonic extractor. 

DETAILED DESCRIPTION OF THE INVENTION 
Reference is made to Figure 1, which illustrates a single line 
diagram of a power distribution system 10 for an aircraft. The distribution 
system 10 includes an ac power source 12 and a power bus 14. The 
power source 12 provides three-phase ac power to the bus 14 at a fixed or 
variable fundamental frequency. The fundamental frequency is usually 
between 350 Hz and 700 Hz. 

The ac power source 12 is not limited to any particular type. As an 
example, the ac power source 12 may include a single high speed 
permanent magnet generator, an inverter and an inverter control. As 
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another example, the ac power source 12 may include wound field 
synchronous generators that are controlled to produce a constant output 
voltage at variable frequency. Yet another example is a variable speed 
constant frequency (VSCF) source that rectifies generator output voltage 
5 to dc, and then converts the dc power to ac power. 

Multiple loads are connected to the power bus 14 to receive ac 
power. These loads are represented collectively by a single block 16. 
The loads 16 typically include non-linear devices that can give rise to 
harmonic currents on the power bus 14. 
10 Rectifiers and inverters, which constitute a portion of the non- linear 

loads, can be modeled as current sources that inject harmonic currents 
into the power bus 14. The harmonic currents have frequencies that are a 
multiple of the fundamental frequency of the ac power generated by the 
power source 12. 

15 An inductor 18 represents the inductance in the power distribution 

system 10. The inductor 18 also represents source impedance associated 
with the power sources connected to the power bus 14. 

An active filter 20 is shunt-connected to the power bus 14, between 
the ac power source 12 and the loads 16, upstream of any non-linear 

20 loads. The active filter 20 supplies harmonic currents to the non-linear 
devices such that the ac power source 12 supplies only current at the 
fundamental frequency to the power bus 14. The frequencies of the 
harmonic currents are, for example, (6n±1)f, where f is the fundamental 
frequency of the ac power generated by the power source 12 and n is an 

25 integer. These harmonic currents are referred to as "characteristic" 
harmonics. Other harmonics can exist, such as those caused by resonant 
oscillation of filters that are excited by other conducted emissions injected 
into the power bus 14. These harmonics are referred to as non- 
characteristic harmonics, since they are not intimately related to the 

30 fundamental frequency, as are the characteristic harmonics. The active 
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filter 20 deals with both the characteristic and non-characteristic 
harmonics. 

Reference is now made to Figure 2. The active filter 20 includes an 
inverter 52, a dc link capacitor 54 connected in shunt configuration with 
5 the inverter 52, an inverter control 56, and an output filter 58. The output 
filter 58 includes a bank of capacitors 60, current sensors 62 connected in 
series with the capacitors 60, inductors 64 and inverter current sensors 66. 

The capacitors 60 are connected in shunt configuration to the 
power bus 14. The bank of capacitors 60 is required in aircraft systems to 
1 0 meet power quality and conducted emissions. 

In a typical aircraft system, the current flowing through the capacitor 
current sensors 62 is about 15-20 amps. In contrast, the current flowing 
through the power bus 14 can reach 500 amps or higher. Sensing the 
smaller currents in the capacitors 60 gives a much better resolution of the 
1 5 harmonic currents. 

The inverter control 56 controls the inverter 52 to inject harmonic 
currents into the power bus 14 so as to eliminate the harmonic current in 
the bank of capacitors 60, and to maintain the dc link capacitor 54 at 
essentially a constant voltage. The inverter 52 may be a conventional six- 
20 switch inverter with associated snubbers and diodes, or any other form of 
voltage controlled inverter. 

The control methodology of the inverter control 56 involves Park 
vectors. Park vectors inherently contain information on both the 
instantaneous magnitudes and the phase relationship of three phase 
25 rotating fields with respect to a reference coordinate system. A Park 
vector, in general, is a mathematical representation that describes the 
locus of an electrical quantity in the complex space domain (where time is 
a parameter). A voltage Park vector is defined with the vector's amplitude 
and the vector's direction in spatial relation to the three phases. A general 
30 discussion of Park vectors is provided in P.K. Kovacs, "Transient 
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Phenomena in Electrical Machines," Elsevier Science Publishing Co. 
(1984). 

Reference is now made to Figure 3, which shows an exemplary 
control methodology for the inverter control 56. A Park vector 
5 representation of line-to-neutral voltage of the capacitor bank voltage 
(VcAP) is generated from measurements of voltages (Va, Vb, Vc) across 
each of the capacitors 60 (block 102) (see Figure 2). Voltage sensors 68 
may take these measurements. 

The angle (9) of the capacitor bank voltage Park Vector (Vcap) 

10 (also referred to as the angle of the fundamental) is estimated from this 
vector (VcAP) by an estimator 104. The estimator 104 performs a vector 
cross-product multiplication (block 106) of the capacitor voltage Park 
vector and a complex rotator (e^^) (block 108). The result of this vector 
multiplication is operated upon by a PI regulator 110 whose output (cd) is 

15 the estimated angular velocity of the capacitor bank voltage Park Vector 
(VcAP). The estimated angular velocity (co) is integrated (block 112) to 
produce the estimated angle (9) of the capacitor bank voltage Park Vector 
(VcAP). This closed loop of the estimator 104 continuously updates the 
estimate of the angle (9), thereby reducing the error between the capacitor 

20 bank voltage Park vector (Vcap) and the complex rotator (e^^). 

The estimated angle (0) of capacitor bank Park Vector (Vcap) is 
used to derive reference frame rotators of the form e^^^^^^\ where 
harmonic number m=(6n±1). The reference frame rotators are used to 
transform the capacitor current Park vectors to synchronous reference 

25 frames defined by the harmonic number and sequence. If n=1, 2, 3, nk 
then a total of 2nk different frame rotators for nk different characteristic 
harmonics can be computed when their sequence is taken into account. 
The individual characteristic harmonics can have a positive sequence 
(where sgn = -1 ) or a negative sequence (where sgn = +1 ), 
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The reference frame rotators (e^9"<i"'Q)) (blocks 115a and 115b) are 
supplied to multiple control loops 114. Each control loop 114 generates a 
voltage command (Vcmdi to VcMOnk) that results in a harmonic voltage 
being generated to eliminate the sensed characteristic harmonic currents 
5 in the bank of capacitors 60. A separate control loop 114 is provided for 
each harmonic current that is to be eliminated. For example, five control 
loops would be provided to eliminate five different harmonic currents in the 
bank of capacitors 60. (Not all harmonics and associated sequences are 
required to be eliminated in a specific application; only those harmonics 

1 0 that are desired to be eliminated will be selected for a specific application.) 

Each control loop 114 receives the Park vector (Icap) representing 
current in the bank of capacitors 60. The current Park vector (Icap) may 
be computed (block 116) from the currents measured in the capacitor 
bank by the series-connected set of current sensors 62. 

15 Within each control loop 114, the current Park vector (Icap) is 

transformed to a reference frame that is synchronous with respect to the 
positional angle m9 (where m is the harmonic number, and theta is the 
estimated angle of the fundamental). The transformation to the 
synchronous reference frame may be performed by multiplying (block 118) 

20 the current Park vector (Icap) with the complex rotator e®^""^""^^ (block 
1 15a). The resulting synchronous vector in the m^^ synchronous reference 
frame is passed through a low pass filter 120, which filters out all 
frequencies and leaves a dc value representing the specific harmonic in its 
appropriate reference frame. For example, the fifth harmonic (n=1, m=5) 

25 viewed in the fifth harmonic reference frame will be represented by a dc 
value. The filtered signal (in the form of a dc voltage) is compared to a 
zero reference (block 122). The resulting error, which represents the 
difference between the desired value of the m^^ harmonic (typically zero), 
and the computed value in its appropriate reference frame, is operated 

30 upon by a vector PI regulator 124, whose output produces the voltage 
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vector required to eliminate the specific harmonic. This voltage vector is 
then transformed back (block 126) to the stationary frame by multiplying 
by the complex rotator e"^^"^"^^* (block 115b). Resulting is a voltage Park 
vector (command VcMDm) representing the m^*" harmonic voltage required 
5 to generate the m^*^ harmonic current in the inverter 52, which cancels the 
m^^ harmonic current in the bank of capacitors 60. 

The voltage Park vectors (Vcmdi to VcMOnk) from the control loops 
114 are summed (block 128) with a Park vector (Vinv) representing 
inverter fundamental voltage. The sum is used as a voltage command 

10 (Ve) for Space Vector Modulation (SVM) logic 130. The SVM logic 130 
uses space vector modulation to command gate logic 132 to turn on and 
off the switches of the inverter 52. The switches of the inverter 52 may be 
modulated at a high frequency (e.g., 100 kHz) in order to minimize the size 
of the capacitors 60 and to enable compensation of characteristic 

1 5 harmonics up to a frequency that is limited by the modulation frequency. 

The inverter control 56 described thus far does not contain 
protection to the inverter 52 with respect to overcurrent. Therefore an 
additional control loop is added to provide this overcurrent protection 
without introducing additional harmonics. 

20 Reference is now made to Figure 4, which shows an exemplary 

control methodology for limiting current to the inverter 52. An overcurrent 
regulator 202 includes a block 204 for computing a Park vector 
representing current flowing through the inverter 52 (using the currents 
measured by the inverter currents sensors 66) and a peak current 

25 amplitude detector 206 that monitors the magnitude of the inverter current 
Park vector. The peak detector 206 stores the maximum or peak value of 
the magnitude of the inverter current Park vector. At a summing junction 
208 an output of the peak detector 206 is compared to an overcurrent 
reference (OC), and the resulting error signal is operated upon by a PI 

30 regulator 210. An output of the PI regulator 210 is then applied to a 
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plurality of multipliers 212, each of which is connected around their 
respective control loops 114. As the output of the PI regulator 210 
increases, the gain of each control loop 1 14 is reduced, providing droop to 
each of the control loops 114 and causing the control loops 114 to reduce 
5 the amount of harmonic attenuation, thereby reducing the inverter current. 
In this way, a linear reduction in the harmonic attenuation is achieved 
without generating additional harmonics. 

This single overcurrent regulator 202 can control the droop in all 
control loops 114 in a parallel or sequential manner so as to provide 

1 0 overcurrent protection to the inverter 52. 

Figure 5 shows an overcurrent regulator 202 that operates 
sequentially on the control loops. The output signal of the overcurrent 
regulator 202 is supplied in parallel to a series of blocks 250. As the output 
signal from the overcurrent regulator 202 increases from zero, each block 

15 250 increases its output signal by a proportional value, until a limit is 
reached. When the limit is exceeded, each block 250 outputs a maximum 
value. The outputs of the blocks 250 are progressively delayed such that 
the first block 250 outputs a signal to the multiplier 212 associated with the 
first control loop, then second block 250 outputs a signal to the multiplier 

20 212 associated with the second control loop, then the third block 250 
outputs a signal to the multiplier 212 associated with the third control loop, 
and so on until the multiplier 212 associated with the nk^*^ control loop 
receives a signal. Each multiplier 212 is connected around its associated 
control loop. 

25 Each block 250 has a different initiation level for control, so that 

sequential operation is achieved. The advantages of such a scheme are 
that low order harmonic currents, which usually have the highest 
amplitude, can be attenuated at the expense of other higher order 
harmonics. 

30 A stable and controlled voltage should be maintained on the dc link 
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capacitor 54. Two different controls 302 and 402 for maintaining the stable 
and controlled voltage are shown in Figures 6 and 7. 

Referring to Figure 6, a first control 302 includes a sensor 304 for 
measuring voltage on the dc link capacitor 54 and a summing junction 306 

5 for comparing a reference voltage (Vref) to the measured dc link 
capacitor voltage. The resulting error is operated upon by a PI regulator 
308, whose output corresponds to the direct-axis (real) component (id) of 
an inverter vector command (i*). The complete vector command (i*) is 
constructed by combining a zero quadrature-axis current component 

1 0 (iq=0) with the direct axis component (block 31 0). 

An inner current loop 312 regulates the inverter current to maintain 
a stable and controlled voltage on the dc link capacitor 54. The inverter 
current (Iinv), represented by the Park vector created from the currents 
measured by the inverter current sensors 66, is transformed to the 

15 fundamental reference frame by multiplying the inverter Park vector (Iinv) 
by e-j' (block 314). 

This transformed vector is subtracted from the inverter vector 
command (i*) at a summing junction 316, and the resulting error signal is 
operated upon by a PI current regulator 318. The output of the current 

20 regulator 318 is transformed back to the stationary reference frame by 
multiplying current regulator output by e^^^ (block 320). The transformed 
output (ViNv) is summed with the voltage commands (Vcmdi through 
VcMDnk) at a summing junction 128 and an output of the summing junction 
128 is supplied to the SVM logic 130. 

25 The SVM logic 130 performs space vector modulation by 

commanding the gate logic 132 to select Inverter switches that create a 
rotating voltage vector. The rotating vector produces a sinusoidal current 
that best matches the commanded inverter current. Typical SVM 
algorithms may be used to compute duty cycles and select appropriate 

30 voltage vectors or the null vector so that the time-averaged vector 
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produced approximates the commanded voltage vector. 

Two problems can occur in the control 302 of Figure 6. First, there 
exists an undamped filter comprised of the inductance 18 associated with 
the distribution system and the source impedances of the loads, and the 
5 capacitors 60 in the capacitor bank of the output filter 58. Second, the 
inner current loop 312 associated with the DC link voltage regulator 302 
interferes with the control loops 114. 

Reference is now made to Figure 7, which shows a control 402 that 
can overcome these two problems. The control 402 includes a damper 

1 0 loop 404 and a characteristic current harmonic extractor 406. 

The damper loop 404 provides active damping to the resonance of 
the capacitors 60 of the capacitor bank and external inductance, and the 
characteristic harmonic extractor 406 removes all characteristic harmonics 
from the inverter current Park vector so that the multiple control loops 114 

15 and the inner current loop 312 do not interfere with one another. In this 
manner, interaction between the multiple control loops is eliminated. 

The damper loop 404 takes the capacitor bank voltage Park vector 
(VcAP), and transforms this vector to the fundamental frequency reference 
frame (block 408). The resulting signal is passed through a high pass filter 

20 410, which passes the high frequency signals representing the resonant 
voltage superimposed upon the fundamental. This is compared to a zero 
reference signal at summing junction 412, and the resultant signal 
operated upon by a damper regulator 414. The damper regulator 414 
attenuates any resonance that could be caused by extraneous excitation 

25 exciting the output capacitor. The output of the damper regulator 414 is 
summed with the current Park vector command at the summing junction 
316. The damper loop 404 does not impact the gain of the inner current 
loop 312; its function is damp out non-characteristic oscillations on the 
capacitors 60 of the capacitor bank. 

30 Figure 8 shows the characteristic harmonic extractor 406 in greater 
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detail. For each harmonic that is regulated by the control (oops 114, there 
is a corresponding block 502 in the harmonic extractor 406. Thus an m^^ 
harmonic extractor block 502 will be provided for the m**" harmonic. Each 
harmonic extractor block 502 performs a co-ordinate transformation upon 
5 the inverter current Park vector (Iinv) with respect to the appropriate 
harmonic frequency and sequence (block 504), low-pass filters the 
resulting signal (block 506), converts the filtered signal back to the 
stationary reference frame (block 508), and subtracts the m^^ harmonic 
current Park vector from the sensed inverter current Park vector (Iinv). The 

10 transformation and low pass filtering effectively allow the removal of the 
harmonic currents from the inverter current Park vector (Iinv), thereby 
eliminating the possibility of interaction between the multiple loops. 

Thus disclosed is a method and apparatus for dealing with 
harmonic currents in variable frequency distribution systems. The method 

15 and apparatus allow a main power source to provide ac power having a 
purely sinusoidal waveshape. 

Because currents are sensed in the capacitor banks instead of the 
power line, the sensing of lower currents allows for greater resolution of 
the harmonic currents. It also allows smaller current sensors to be used. 

20 Moreover, the harmonic currents are dealt with without cutting into the 
main distribution system. 

Current limiting eliminates harmonic currents that exceed the rating 
of the inverter. Moreover, inverter current-limiting can be performed 
without introducing additional harmonics due to the implementation of 

25 current limit function. 

Parallel operation of multiple active filters does not require any 
additional circuitry, or information transfer between the inverters. The 
sensing of current in the capacitor bank ensures balance between all 
inverters; unbalance is determined solely by the tolerance of the output 

30 capacitors. 
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The selection of harmonics to be eliminated is programmable, as is 
their sequence. 

Active damping is provided. Bulk filter, control loop bandwidth and 
modulation frequency are all optimized. 
5 Although the system is described in connection with three-phase ac 

power, it is not so limited. The system may instead utilize two-phase ac 
power. 

Although the power distribution system has been described as a 
variable frequency system, it is not so limited. The power distribution 
10 system may be a constant frequency system. The method and apparatus 
may be applied to any frequency system (including dc systems). 

Although the power distribution system has been described in 
connection with an aircraft distribution system, it is not so limited. The 
power distribution system may be used in military, space and industrial 
15 applications. 

The active filters may be used to remove harmonic currents from a 
voltage source including a single generator or multiple generators 
operating in parallel. 

The PI regulators of the active filters may be scalar regulators when 
20 appropriate synchronous reference frames are used. In the alternative, 
complex regulators in the stationary reference frame may be used. A 
single complex regulator would be used in a stationary frame for each 
harmonic current. 

The inverter control may be implemented in hardware, software or 
25 any combination of the two. For example, the inverter control may be 
implemented as a digital signal processor. 

The power distribution system is not limited to SVM logic for turning 
on and off the switches of the inverter. Other vector modulation schemes 
may be used. 

30 The present invention is not limited to the specific embodiments 
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described above. Instead, the present invention is construed according to 
the claims that follow. 



a 
m 
m 
.p 

p 
ru 
□ 



- 13- 



